ABSTRACT. Roads and traffic are prominent components of most landscapes throughout the world, and their negative effects on the natural environment can extend for hundreds or thousands of meters beyond the road. These effects include mortality of wildlife due to collisions with vehicles, pollution of soil and air, modification of wildlife behavior in response to noise, creation of barriers to wildlife movement, and establishment of dispersal conduits for some plant and animal species. In southeast Australia, much of the remaining habitat for the squirrel glider, Petaurus norfolcensis, is located in narrow strips of Eucalyptus woodland that is adjacent to roads and streams, as well as in small patches of woodland vegetation that is farther from roads. We evaluated the effect of traffic volume on squirrel gliders by estimating apparent annual survival rates of adults along the Hume Freeway and nearby low-traffic-volume roads. We surveyed populations of squirrel gliders by trapping them over 2.5 years, and combined these data with prior information on apparent survival rates in populations located away from freeways to model the ratio of apparent annual survival rates in both site types. The apparent annual survival rate of adult squirrel gliders living along the Hume Freeway was estimated to be approximately 60% lower than for squirrel gliders living near local roads. The cause of the reduced apparent survival rate may be due to higher rates of mortality and/or higher emigration rates adjacent to the Hume Freeway compared with populations near smaller country roads. Management options for population persistence will be influenced by which of these factors is the primary cause of a reduced apparent survival rate.
INTRODUCTION
The global decline in biodiversity is directly linked to anthropogenic activities such as the modification of landscapes and environmental systems (Kerr and Currie 1995, Lande 1998) . Increasing human population size and technological advancement fuels the development of agriculture, housing, industries, forestry, mining, and transportation infrastructure like roads (Turner II et al. 1990 ). The impacts of roads and traffic on the natural environment are numerous and may extend for many hundreds or even thousands of meters beyond the road (Forman and Deblinger 2000) . These impacts include mortality of wildlife due to collisions with vehicles (Groot Bruinderink and (Row et al. 2007 ), movement of animals away from roads after collision, and inconspicuousness of the affected species reduces the detectability of roadkill, making it difficult to estimate the full magnitude of its effect on mortality rates (but see Row et al. [2007] who used radio-tracking to determine crossing rates and roadkill events as a means of calculating the rate of road-related mortality).
Population studies are an alternative method of quantifying impacts such as road mortality on small species, with differences in demographic rates across space and through time indicating ecological effects (Ruggiero et al. 1994 , Marschall and Crowder 1996 , Gill et al. 2001 , Converse et al. 2005 , Yasué and Dearden 2006 . These demographic rates may also inform research on the dynamics of population size (McCallum 2000) , and assessments of population viability (Akçakaya and Sjögren-Gulve 2000) , in turn providing information to assist management decisions (Drechsler and Burgman 2004, van der Grift and Pouwels 2006) .
The squirrel glider (Petaurus norfolcensis) is a small (190-300 g) arboreal marsupial found in open forest and woodland in eastern Australia (Claridge and van der Ree 2004, van der Ree and Suckling 2008) . Extensive clearing of habitat for agriculture has reduced the continuity of squirrel glider habitat, and in many regions this species is now limited to a network of small and often isolated woodland remnants. In some locations, particularly in southeast Australia, much of this remnant habitat occurs as linear strips next to roads and watercourses (van der Ree et al. 2003) . The long-term demographic impact that roads of varying width and traffic volume have on squirrel gliders is unknown. Observations (albeit infrequently) of dead squirrel gliders (presumably hit by a vehicle) on a large freeway suggests that these factors could influence the species' mortality rate (van der Ree 2006). Squirrel gliders travel primarily by gliding from tree to tree. Depending on the launch height and required distance to traverse the road, an animal's landing height may mean it is directly in front of vehicles at some point in the glide. Squirrel gliders that are hit by vehicles are difficult to detect because their small body size makes them likely to be thrown from the road, rendered unidentifiable if they remain on the road, or in some cases, remain attached to vehicles after collision. Rather than rely on assessing rates of mortality directly, we evaluated the impact of the Hume Freeway on the apparent survival rate of adult squirrel gliders by conducting a mark-recapture study over 2.5 years. This impact was evaluated by comparing the apparent survival rate of populations near and far from the freeway. Within a Bayesian analytical framework we also examined whether incorporating prior information on survival rates in the absence of a freeway reduces uncertainty about the impact of this road.
METHODS

Study area
Populations of squirrel gliders were surveyed along the Hume Freeway between the towns of Avenel (33°42' S, 148°76' E) and Benalla (36°55' S, 145°9
8' E) in southeast Australia. Seven sites were surveyed: three sites at the Hume Freeway (freeway sites: F1, F2, F3), and four sites at least five kilometers from the freeway (control sites: C1, C2, C3, C4) (Fig. 1) . The number of sites was limited by availability of suitable areas and logistic constraints. At both site types, squirrel gliders were surveyed by trapping within strips of Eucalyptus woodland located along local roads with traffic volumes of less than 100 cars per day. At freeway sites, these local roads were intersected by the Hume Freeway; control sites were intersected by another local road or unused road reserve. Unused road reserves are areas that were set aside with the intent of future road construction; however, that intent has not yet been carried forth.
Major differences between the freeway and control sites were traffic volume and width of the intersecting road. Average traffic volume along the Hume Freeway was 10,000 vehicles per day, and at control sites was less than 100 vehicles per day (zero vehicles along unused road reserves). The Hume Freeway was dual carriageway, with each carriageway 12-14 m wide and separated by a center median approximately 30-50 m wide. The vegetation of this center median varied, and included mown grasses, both remnant and regrowth Eucalyptus woodland, and planted trees and shrubs (both indigenous and exotic species). The median at our freeway sites supported mature remnant woodland at site F1, and shrubs and young regrowth at F2 and F3. The intersecting local roads were single lane, approximately 4 m wide, and lined on either side with a strip of remnant vegetation. Unused road reserves had no road; those used in this Fig. 1 . Location of sample populations of squirrel gliders (Petaurus norfolcensis) in southeast Australia: C1 C2, C3, and C4 refer to control populations; F1, F2, and F3 refer to freeway populations. study were characterized as a strip of remnant vegetation. The legal speed limit was 110 km/h along the freeway, and between 60 km/h and 100 km/h at control sites.
Trapping
Wire cage traps (20 x 20 x 50 cm) were nailed to tree trunks at a height of 2-5 m and were baited with a mix of rolled oats, honey, and peanut butter. A mixture of one part honey to three parts water was sprayed on the tree trunk to attract animals to the trap. Traps were covered with plastic to protect captured animals from wind and rain. The number of traps and the duration of trapping at each site varied slightly because some earlier surveys were conducted primarily for other reasons. Traps were set 50 m apart in all sites except control site C4, where traps were spaced at 25 m intervals. Twenty to 24 traps were set at all freeway sites and at control site C4. Ten to 14 traps were typically set at the remaining control sites ( Table 1 ). The line of traps along the intersecting roads began within 50 m of the Hume Freeway (freeway sites) or local road/ road reserve (control sites).
Trapping effort also varied over time, with initial trapping sessions typically shorter than subsequent trapping. Trapping sessions ranged from 2 to 11 consecutive nights (Table 1 ). To account for this variation in trapping effort when estimating parameters, each night of trapping was treated as Traps were set before dusk and checked at dawn each day, with all captured animals processed and released where each was trapped. For each animal, a unique combination of numbers and letters was tattooed in the ear flap, two 2-mm notches were removed from the margin of the ear flap (collected for a genetics study), and a microchip was inserted below the skin (©Trovan ID100). Each animal was measured, weighed, and assigned to an age class (<1 year, 1-2 years, 2-3 years, or >3 years) based on the criteria of tooth wear, body mass, and reproductive condition as described by van der Ree (2002) . An animal was considered to be a juvenile if it was assigned to the <1 year age class.
Statistical analyses
Mark-recapture model
A mark-recapture model was used to estimate the apparent annual survival rate and the relative apparent survival rate of male and female squirrel gliders that were in the adult age class. The apparent annual survival rate (hereafter referred to as the annual survival rate) is the proportion of individuals that survive for a year and do not leave the study area. The relative apparent survival rate is the ratio of apparent annual survival rates in freeway populations versus control populations. The data used were the individual capture histories of each adult squirrel glider. The capture history recorded the capture status (trapped or not) of each squirrel glider on nights when trapping occurred at any of the seven sites.
The mark-recapture models included two components: the probability of survival of individuals from one trap night to the next, and the probability of recapture of each individual on each trap night conditional on it being alive on the night of trapping (the probability of recapture). We effectively treated permanent migration from the site as death because we were modeling the apparent survival rate. The probability of capturing an individual on a particular night (conditional on it being alive the previous time the site was trapped) http://www.ecologyandsociety.org/vol15/iss3/art27/ equals the probability that it survived the period from the last trapping session (a function of the annual survival rate) multiplied by the probability that it would be captured given it was alive (the probability of recapture). We considered models in which the probability of recapture and the probability of survival varied among trapping nights, individuals, and sites by including these influences as random effects. Random effects were assumed to be normally distributed (on the logit scale) with a mean of zero and a standard deviation that was estimated. We also included a fixed effect for sites at the Hume Freeway and control sites, and a fixed effect for sex to account for possible differences in the probabilities of survival and capture between males and females. Different combinations of models with and without the various random effects were considered, although not all of the random effects could be estimated reliably, so we confined our analysis to a reduced model. This model included random effects of site, individual, and night for recapture probability, so it helped accommodate possible differences in trappability among different individuals. The models did not include random effects for survival. Different survival rates for the two different periods were included, which would account for changes in dispersal and mortality over time. Thus, the annual probability of survival of individual i (s i ) depended on its sex (sex i ) and whether or not it occurred at a freeway (freeway i ), "Eq. 1":
where S j,k is the annual probability of survival of individuals of sex j at site type k.
The probability of an individual i (d i,j,k ) being recaptured (conditional on it being alive) was a function of its sex (sex i ) and whether or not it occurred at a freeway (freeway i ), in addition to random effects for individual
where d i,j,k is the probability of recapture for individual i at site j on night k. The variable D j,k is the base probability of recapture for individuals of sex j at site type k.
Survival rate was assumed to be constant over time, so the probability of an individual surviving a period of t days between two trapping nights was equal to s t/365 , where s is its annual probability of survival. Survival rates for each of the two time periods (August 2005 to December 2006 and January 2007 to February 2008) were scaled to an annual time frame. As well as being a product of squirrel glider capture histories during the second survival period, the second survival period took into account whether an animal was modeled as alive or dead at the end of the first time period based on the probability of recapture in the first time period and its sighting history (Table 1) .
Models were analyzed in WinBUGS Version 2.10 (Spiegelhalter et al. 2005) . For each squirrel glider, capture histories were used to estimate the probability of being alive on each day that trapping occurred in any of the seven sample populations. Vague priors were placed on all parameters except annual survival of individuals in control sites, in which case an informative prior based on allometric data (McCarthy et al. 2008 ) and a previous study of squirrel gliders (van der Ree 2000, 2002) were used.
Informative priors
Two sources of prior information were used for survival rates of male and female squirrel gliders in control populations. Bayesian informative priors for male and female survival rates were developed using an allometric regression of survival rates on body mass for mammals (McCarthy et al. 2008 ) and a data set from a previous mark-recapture study of squirrel gliders (van der Ree 2000 (van der Ree , 2002 . These informative priors were used in the model described above, with the data collected in [2005] [2006] [2007] [2008] forming the "data" component of this model.
Allometric regression
Body mass was used to predict annual survival of adult male and adult female squirrel gliders based on an allometric model and a worldwide data set of survival rates in mammals (McCarthy et al. 2008 
Probability of recapture in freeway populations
The probability of recapture per night in freeway populations was measured separately for male and female squirrel gliders but with no fixed effect for the survival period (instead, there was a random effect for trapping "days"). Recapture rates were similar for male and female gliders. 
Apparent annual survival rate
Survival rate was estimated separately for each sex and survival period. These four parameters were estimated with and without informative priors. While the point estimates for the mean of the survival rate appeared higher in the first survival period, the 95% credible intervals overlapped between both survival periods and both sexes with and without an informative prior (Figs. 2 and 3, Table 2 ). As well as demonstrating similarity in estimates between the first and second survival periods, these estimates suggest that annual survival rates were consistently lower in freeway populations compared with control populations across the two survival periods, and that survival rates were lower in freeway populations for both males and females.
In the above estimates, greater precision was obtained when informative priors were placed on survival rates in control populations than when all parameters had a vague prior, with one exception: annual survival rates of males in freeway populations during the second survival period had a slightly lower precision when informative priors were used. The difference in precision between models with vague versus informative priors was greater for estimates of annual survival rates in control populations than estimates for freeway populations. In all cases, the difference in precision between estimates with and without informative priors was small ( 
DISCUSSION
Reduced apparent annual survival rate
This study indicates that between August 2005 and February 2008, the apparent annual survival rate of squirrel gliders in populations near the Hume Freeway was one-third of the rate in populations located at least 5 km away (control populations) . In control populations, squirrel gliders were exposed to a much lower traffic volume, and habitat was intersected by a road of much smaller width than the Hume Freeway. The rate of true survival and site fidelity, and therefore the rate of mortality and emigration, respectively, were not individually estimated in this study, so the low apparent annual survival rate in freeway populations may be due to an increased rate of mortality in freeway populations, higher rates of emigration from freeway populations, or a combination of both.
There is a large amount of evidence that roads, and more specifically vehicles, are a mortality risk for many species of wildlife (e.g., Groot Bruinderink and Hazebroek 1996 , Lodé 2000 , Clevenger et al. 2003 , Ramp et al. 2005 , Lovari et al. 2007 ). The research linking road effects with consequences at the population level has identified a reduction in demographic rates (Foppen and Reijnen 1994 , Mumme et al. 2000 , Row et al. 2007 , an increased risk of extinction (Gibbs and Shriver 2005) , and a reduction in population densities or abundance (Fahrig et al. 1995 , Marsh and Beckman 2004 , Fahrig and Rytwinski 2009 . A recent review of road effects on animal abundance showed considerable variation in the size and direction of road effects on animal abundance (Fahrig and Rytwinski 2009) . Amphibians, reptiles, and large mammals were mostly negatively affected, while birds and medium-sized mammals were predominantly negatively affected or not affected. In contrast, for small mammals (the size category in which squirrel gliders fit), there was a pattern of positive or no effects on abundance associated with roads (Fahrig and Rytwinski 2009 ). Because we did not calculate abundance, we do not know whether the populations we sampled would have shown a similar pattern as those in Fahrig and Rytwinski's (2009) review. Differences between freeway and control sites in glider density or age structure may cause differences in survival, although we do not anticipate that this is the case.
Squirrel gliders do attempt to cross roads, and higher rates of crossing have been reported at locations where there were tall trees in the center median (Cesarini et al. 2010) . Tall trees were present at one of the three freeway sites surveyed in this study, and in many other sections along this road. Depending on the height of and distance between launching and landing trees, and the angle that an animal takes in its glide, the glide profile may place an animal within the path of vehicles. Dead squirrel gliders have been found along the Hume Freeway, presumably dying after colliding with a vehicle. Higher predation rates along the freeway due, for example, to reduced concealment from potential predators and higher predator densities may also contribute to higher mortality rates along the freeway. Studies of predator densities along large roads have found inconsistent responses among species, with examples of positive, negative, and neutral population responses all seemingly evident (Meunier et al. 2000 , Bautista et al. 2004 , Fahrig and Rytwinski 2009 . Whether predator populations are at higher densities along the Hume Freeway than populations at control sites is yet to be determined, as is qualification of whether this translates into higher predation rates of squirrel gliders along the freeway.
The presence of squirrel gliders at more than 30 sites along the Hume Freeway in southeast Australia indicates that the species is tolerant of roads with high traffic volume (van der Ree, unpublished data). However, an additional explanation for reduced apparent survival is that the road and traffic may alter emigration rates. Aspects of the roadside vegetation, the road itself, and disturbance by vehicles may attract or repel animals. Further study of the behavior of individuals is required to elucidate the importance of movement rates among populations along major roads. 
Potential effects on the wider population
It was estimated that approximately three-quarters of both male and female adult squirrel gliders are lost from freeway populations on an annual basis via mortality and/or emigration (Figs. 2 and 3, Table  2 ). Based on this estimate, a recruitment rate of three animals per remaining individual is required to maintain a stable population size. Without immigration, the annual natality rate (the number of offspring born per adult female) would need to be a minimum of six offspring (assuming an equal sex ratio), with the assumption that all reach the adult stage. However, this rate is considerably higher than the more likely annual natality rate of 1.7-2.4 found across a number of studies in eastern Australia (van der Ree 2000). Therefore, immigration appears to be critical for maintaining populations close to the Hume Freeway, which is consistent, although not definitively, with a proposal that these populations are sinks (i.e., natality is not high enough to compensate for mortality [Pulliam 1988] ). This could reduce abundance of the wider population if an increased risk of mortality is associated with the freeway (see, for example, the discussion on ecological traps in Schlaepfer et al. 2002) . The Eucalyptus woodland across the study area has been cleared considerably, and most woodland vegetation occurs as a network of linear strips. Continued immigration requires source populations as well as movement corridors, and in the study area, the network of linear strips provides habitat and connectivity (van der Ree 2002, van der Ree and Bennett 2003) . The isolated single trees and small patches of trees in cleared farmland are also important components of habitat and connectivity (van der Ree et al. 2003) .
In contrast, approximately one-third of squirrel gliders were lost annually from control populations as a consequence of mortality or emigration. This would require a recruitment rate of approximately one animal for every two remaining individuals to maintain a stable population size. This requires an average annual natality rate of two offspring per adult female, contingent on there being no immigration, on all offspring reaching the adult stage, and on an equal sex ratio. Assuming that neither control nor freeway populations are steadily increasing or decreasing in size, it seems probable that a greater proportion of each freeway population was derived from immigrated individuals than was the proportion of control populations. http://www.ecologyandsociety.org/vol15/iss3/art27/
Informative priors
Ecologists have used Bayesian priors and metaanalyses to combine information from different sources (Downing et al. 1999 , Hedges et al. 1999 , Ellison 2004 , McCarthy 2007 Martin et al. 2005) . In this study, informative priors provided support for our estimates through similarities between estimates of relative survival with and without the use of prior information, and similarities between the prior information and estimates of apparent annual survival.
A number of ecological studies have improved the precision of model estimates by including Bayesian informative priors (e.g., Martin et al. 2005 , McCarthy and Masters 2005 , McCarthy et al. 2008 ). In our study, there was a small but noticeable improvement in precision for estimates of apparent annual survival rates when some prior information was included compared with using vague priors, but there was little or no improvement in the precision of the relative apparent survival rate when informative priors were used. This could be because models included only informative priors for apparent survival rates in control populations. Because the relative survival rate is also influenced by the apparent annual survival rate in freeway populations and the probability of recapture, prior information for these parameters could potentially improve the precision of the relative survival rate. Likewise, estimates of apparent annual survival in control and freeway populations could potentially be improved with the same information.
Management of populations near roads
The approach taken to manage squirrel glider populations near large roads may vary depending on the importance of maintaining connectivity among populations or reducing mortality rates (van der Ree 2006). A mitigation measure that improves one of these factors could potentially be detrimental to the other, and this will have implications for persistence of the wider population. As mentioned, squirrel gliders will glide across the road, with crossing rates highest when tall trees are present in the center median (Cesarini et al. 2010) .
A recent trend to install glider poles (tall timber poles with a horizontal crossarm (van der Ree 2006, Ball and Goldingay 2008) may facilitate squirrel glider movement across the freeway. While glider poles and tall trees in the median may improve connectivity across the road, they may have negative consequences for populations if they increase mortality rates by placing gliding individuals in the path of oncoming vehicles. This may occur if poles are not of adequate height for animals to remain above vehicles given the distance to a second pole or tree. Alternatively, poles may be of adequate height to allow this; however, there is no guarantee that an animal will not glide at an angle that brings it to the level of vehicles.
An important next step in designing and evaluating mitigation options for gliders involves a comparison of crossing rates, apparent survival rates, and population density among the different treatment options and their effectiveness at increasing population viability (van der Ree et al. 2009 ). Information on fecundity and behavioral changes along roadsides before and after the implementation of mitigation measures will also inform analyses of population viability, and could contribute to management choices. Separation of apparent survival rates into true survival rates and site fidelity rates could also play a useful role in predicting the effect of mitigation measures on the wider population. For example, if apparent survival rates were to decrease with the implementation of mitigation, the assessment of the effectiveness of the technique could be very different depending on whether both or only one of mortality and emigration rates have increased. A range of techniques are available, including radio-telemetry, a more extensive mark-recapture framework, or a combination of mark-recapture methods with data on the recovery of dead animals. An overview of these techniques can be found in Sandercock (2003) , and a more extensive description of some methods is provided in Hestbeck et al. 1991 , Schwartz et al. 1993 , and Joe and Pollock 2002 There are increasing attempts across Europe, North America, and Australia to mitigate the barrier and mortality effects of roads and traffic on wildlife. Our study has shown that evaluating these mitigation approaches will be more informative if changes to population rates as well as behavioral responses are considered. For example, confirming that squirrel gliders will use a glider pole to traverse a road without documenting rates of mortality will only provide a partial story of success. A recent review http://www.ecologyandsociety.org/vol15/iss3/art27/ of literature on the use and effectiveness of wildlife crossing structures indicated that most studies reported only use, and very few measured effectiveness (van der Ree et al. 2007) . A thorough investigation of survival rates and the relative contribution of mortality and emigration are required to identify the nature and extent of the road problem and the appropriate form of mitigation required. Similarly, the effectiveness of mitigation efforts should evaluate the specific issue that is contributing most to reduced levels of population viability. 
